Mantle cell lymphoma (MCL) is a distinct subtype of B-cell lymphoma composed of small-to medium-sized lymphoid cells, which are believed to originate from follicle mantle B cells. 1 This lymphoma is characterized by the t(11;14)(q13;q32) translocation, which results in deregulated aberrant expression of cyclin D1. 2, 3 MCL is generally incurable, and patients have a poor prognosis with a median survival of 3 to 5 years. 4, 5 Approximately 20% of MCL cases show an increase in nuclear size and pleomorphism with a higher mitotic rate and are classified as blastoid variants by hematopathologists. 6 These cases have a more aggressive clinical course than typical MCL, often have aneuploid or tetraploid karyotypes, and frequently possess additional genetic changes affecting critical cell-cycle control genes, including mutations and deletions of p53 and p16. [6] [7] [8] [9] [10] Recent gene profiling studies suggest that MCL is a transcriptionally homogeneous entity and that survival can be predicted based upon a set of proliferation-related genes. 11 While many individual genes involved in signaling pathways that affect cellular proliferation have been identified as overexpressed or underexpressed in MCL cases, functional evidence supporting the significance of specific gene overexpression has been quite limited. [12] [13] [14] Among the overexpressed genes identified in 2 different gene expression studies of MCL are several members of the phosphatidylinositol 3-kinase (PI3K) Akt signaling pathway, including PIK3CA, and PPP1R2. 13, 15 This signaling pathway is involved in the transduction of extracellular stimuli that regulate fundamental cellular processes including cell-cycle progression, proliferation and cell growth, apoptosis, and survival. 16, 17 PI3K functions as a proximal transducer for a variety of cell-surface receptors, particularly receptor tyrosine kinases, by increasing cellular levels of the membrane lipid phospho-inositol(3,4,5)P3 (PIP3) from phospho-inositol(4,5)P2 (PIP2). The levels of PIP3 are negatively controlled by several phosphatases, including phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which converts PIP3 back to PIP2. PIP3 binds protein pleckstrin homology (PH) domains facilitating protein-protein interactions.
Introduction
Mantle cell lymphoma (MCL) is a distinct subtype of B-cell lymphoma composed of small-to medium-sized lymphoid cells, which are believed to originate from follicle mantle B cells. 1 This lymphoma is characterized by the t(11;14)(q13;q32) translocation, which results in deregulated aberrant expression of cyclin D1. 2, 3 MCL is generally incurable, and patients have a poor prognosis with a median survival of 3 to 5 years. 4, 5 Approximately 20% of MCL cases show an increase in nuclear size and pleomorphism with a higher mitotic rate and are classified as blastoid variants by hematopathologists. 6 These cases have a more aggressive clinical course than typical MCL, often have aneuploid or tetraploid karyotypes, and frequently possess additional genetic changes affecting critical cell-cycle control genes, including mutations and deletions of p53 and p16. [6] [7] [8] [9] [10] Recent gene profiling studies suggest that MCL is a transcriptionally homogeneous entity and that survival can be predicted based upon a set of proliferation-related genes. 11 While many individual genes involved in signaling pathways that affect cellular proliferation have been identified as overexpressed or underexpressed in MCL cases, functional evidence supporting the significance of specific gene overexpression has been quite limited. [12] [13] [14] Among the overexpressed genes identified in 2 different gene expression studies of MCL are several members of the phosphatidylinositol 3-kinase (PI3K) Akt signaling pathway, including PIK3CA, Akt-1, PDK-1, and PPP1R2. 13, 15 This signaling pathway is involved in the transduction of extracellular stimuli that regulate fundamental cellular processes including cell-cycle progression, proliferation and cell growth, apoptosis, and survival. 16, 17 PI3K functions as a proximal transducer for a variety of cell-surface receptors, particularly receptor tyrosine kinases, by increasing cellular levels of the membrane lipid phospho-inositol(3,4,5)P3 (PIP3) from phospho-inositol(4,5)P2 (PIP2). The levels of PIP3 are negatively controlled by several phosphatases, including phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which converts PIP3 back to PIP2. PIP3 binds protein pleckstrin homology (PH) domains facilitating protein-protein interactions.
The serine/threonine kinase Akt/protein kinase B (PKB) occupies a central position in this pathway. 18 Through its PH domain, Akt binds to PIP3, facilitating the activation of Akt by phosphoinositide-dependent kinase 1 (PDK1). Activated Akt has numerous targets that are important regulators of the cell cycle, the apoptotic pathway, and the translational and transcriptional machinery. Among these targets are the proapoptotic protein Bad, the cyclindependent kinase inhibitor p27 kip1 , several forkhead family members, the mammalian target of rapamycin (mTOR), glycogen synthase kinase-3-␤ (GSK-3␤), and the IB kinases. [19] [20] [21] [22] [23] Given the critical role of the PI3K/Akt pathway in cell growth and homeostasis, it is not surprising that constitutive activation of the pathway contributes to the pathogenesis of many types of cancer, including breast, lung, prostate, brain, and endometrial cancer. 24 Loss of expression of negative regulators of this pathway, such as the serine phosphatase PTEN, or activating mutations of components of this pathway, such as PI3K itself, have been implicated in a wide range of human cancers. To date, activation of the PI3K/Akt pathway in lymphomas has been described only in nucleophosmin-anaplastic lymphoma kinase-positive (NPM-ALK ϩ ) anaplastic large cell lymphoma, multiple myeloma, and Hodgkin lymphoma. [25] [26] [27] The identification of overexpressed elements of the PI3K/Akt pathway in global gene expression studies of MCL cell lines prompted us to perform a careful analysis of the activation status of this important pathway to determine more precisely its role in the pathogenesis of MCL.
Materials and methods

Primary cases and cell lines
Thirty-one primary MCL cases (19 typical and 12 blastoid variants) were selected from the files of the Hematopathology Section, Laboratory of Pathology, National Cancer Institute, Bethesda, MD. All cases were reviewed by an expert hematopathologist (S.P.) and classified according to the World Health Organization classification 28 as either typical MCL or blastoid variant. The latter comprises cases with blastic morphology as well as cases with more heterogeneous cytology, larger cells, and prominent nucleoli. To be included in this study, all cases were required to be positive for cyclin D1 and/or t(11;14) (by immunohistochemistry and/or cytogenetics) and to have a minimum of 75% tumor cells to facilitate interpretation of the results.
Four MCL cell lines (REC-1, 29 Z138C, 30 NCEB-1, 31 and Granta 519 32 ) and 3 non-MCL cell lines (BJAB, Raji, SU-DHL-1) were used in this study. REC-1, Z138C, NCEB-1, BJAB, Raji, and SU-DHL-1 were cultured in RPMI 1640 containing 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin. Granta 519 was grown in Dulbecco modified Eagle medium supplemented with 10% FBS and 1% penicillin/streptomycin. The MCL cells lines have been extensively characterized, and all have abnormalities of the p16, p53, or/and ataxia telangiectasia mutated, and in this respect are genetically more closely representative of blastoid MCL cases than they are of typical MCL cases. 33
PI3K/Akt inhibition studies
Two PI3K inhibitors, LY294002 and wortmannin, and one Akt inhibitor designated "Akt inhibitor" (1L-6-hydroxymethyl-chiro-inositol 2-[R]-2-Omethyl-3-O-octadecylcarbonate) were purchased from Calbiochem (San Diego, CA). Cells were incubated for 48 hours with increasing concentrations of each compound in a range individually chosen for each one, based on published literature. [34] [35] [36] The final concentrations used were selected by their ability to abrogate the phosphorylation of Akt without decreasing the total Akt levels and were 20 M for LY294002, 8 nM for wortmannin, and 40 M for Akt inhibitor. For control experiments, the MAPK p42/44 inhibitor UO126 (Calbiochem) was used at a concentration of 8 M.
Immunoreagents
For immunoblotting the following antibodies were used: cyclin D1 (DCS6; BD Bioscience, Franklin Lakes, NJ), PTEN (6H2.1; Cascade Bioscience, Winchester, MA), ␣-tubulin (Sigma Aldrich, St Louis, MI), actin (ACTN05; LabVision, Fremont, CA), Bcl-xL (2H12; Zymed, San Francisco, CA), p-p27 (Thr157) and p27 (kip1) (R&D Systems, Minneapolis MN), p-FKHRL-1 (Ser253) and oct-1 (Santa Cruz Biotechnology, CA); p-Akt (Ser473) and Akt, p-MDM2 (Ser166), Bad, p-Bad (Ser136), p-GSK-3␤ (Ser9), cleaved caspase 3, p-p65 (Ser536), p65 (NF-B), p-IB␣ (Ser32), p-mTOR (Ser2448), p-p70S6 (Thr389), p-S6K (Ser235/236), anti-mouse and anti-rabbit IgG horseradish peroxidase (HRP)-linked, from Cell Signaling (Beverly, MA).
Protein extraction
Five 20-m sections of frozen tissue embedded in Tissue-Tek (Sakura Finetek, Torrance, CA) were immersed into 5-mL sonication buffer (phosphate-buffered saline [PBS], 1 ϫ protease inhibitor cocktail I and II, 1 ϫ phosphatase inhibitor [Calbiochem] ) and centrifuged at 200g for 5 minutes. The supernatant was discarded, and the tissue pellet was processed in the same way as the cell pellets. Pellets were dissolved in lysis buffer (PBS, 1 ϫ cell lysis buffer, 1 ϫ protease inhibitor cocktail I and II, 1 ϫ phosphatase inhibitor) and incubated for 30 minutes on ice. Subsequently, the lysates were centrifuged for 15 minutes at 1600 g at 4°C, and the supernatants were used for further analysis. Nuclear and cytoplasmic lysates were prepared using a nuclear extract kit (Active Motif, Carlsbad, CA) according to the manufacturer's protocol. The effectiveness of the compartmentalization was assessed by Western blot analysis using ␣-tubulin as a cytoplasmic marker and oct-1 as a nuclear marker. Protein concentration was determined by the bovine serum albumin protein assay reagent kit (Pierce, Rockford, IL) according to the manufacturer's protocol. Nonspecific binding sites were blocked by incubation with 5% (wt/vol) nonfat dry milk in TTBS (0.1% Triton X-100, 20 mM Tris, 136 mM NaCl at pH 7.6) for 1 hour. Subsequently, membranes were incubated with primary antibody (1:1000) for 12 to 14 hours at 4°C. After incubation for 1 hour with HRP-conjugated secondary antibody (1:2000) immunoreactivity was visualized with SuperSignal West Pico Chemiluminescent kit (Pierce) and exposed to Kodak X-OMAT MR film (Kodak, Rochester, NY) for 45 seconds. Signal intensity of each band was quantified using ImageQuant software (National Institutes of Health, Bethesda, MD), and the result was normalized to total protein expression measured by ␣-tubulin.
Western blot analysis and immunoprecipitation
Immunoprecipitation studies were performed using 250 g total protein in 250 L lysis buffer. Lysates were incubated overnight at 4°C with anti-bcl-xL antibody at a concentration of 2.5 g/mL. The immune complexes were collected with 100 L protein-G-agarose (Upstate Biotechnology, Charlottesville, VA) and analyzed by SDS-PAGE as described.
Reverse-phase protein arrays
For generation of reverse-phase protein arrays (RPPA), cells or tissues were prepared identically as for Western blotting, except that a modified lysis buffer (Pink buffer) was used. 37 Lysates were pipetted into 384-well microtiter plates with 10 two-fold serial dilutions (1:2 0 -1:2 9 ) to ensure capturing the linear range of the signal-concentration curves for low-and high-abundance proteins. Samples were spotted on nitrocellulose-coated glass slides (Grace BioLabs, Bend, OR) using a solid-pin format robotic microarrayer (Aushon BioSystems, Lexington, MA). To monitor intraslide and interslide variation, a control sample (mixture of all samples on the array) was spotted in each field. Quality control studies of processed data showed mean intra-array and inter-array coefficients of variation of 9.2% and 13.5%, respectively. Prior to use, all antibodies were screened for specificity. After incubation with a specific primary antibody, detection was carried out on an automated immunostainer (DakoCytomation, Carpinteria, CA), using the DakoCytomation catalyzed signal amplification kit (CSA-I). Total protein staining was performed with colloidal gold (Bio-Rad, Hercules, CA). The gold-stained or immunostained arrays were scanned on an Epson Perfection 4870 flatbed scanner (Epson, Long Beach, CA), and the median pixel value was calculated using P-SCAN software (Peak quantification with statistical comparative analysis; http://abs.cit.nih.gov/ pscan). The data were analyzed using a dose interpolation algorithm as described previously. 37 Data were adjusted to total protein expression and BLOOD, 1 SEPTEMBER 2006 ⅐ VOLUME 108, NUMBER 5 For personal use only. on January 28, 2018. by guest www.bloodjournal.org From were displayed in a log2 scale of the dilution series. Independent 2-tailed student t test was performed for MCL with phosphorylated Akt and MCL without phosphorylated Akt, using JMP 5.0 (SAS Institute, Cary, NC).
MTT test
Cell proliferation/viability was determined by MTT (3-[4,5-dimethylthiazol2yl]-2,5-diphenoltetrazolium bromide)-Test (Sigma Aldrich). 1 ϫ 10 5 cells were plated in 96-well cell-culture plates and incubated with or without kinase inhibitors for 8, 24, or 48 hours. MTT (5 mg/mL) was added to each well, and the optical density was measured at 570 nm using a Microelisa Autoreader MR580 (Dynatech, Lebanon, PA).
Cell-cycle analysis
For cell-cycle analysis, cells were fixed in 70% ethanol for 1 hour at 4°C and then incubated with 1 mg/mL RNase A for 30 minutes at 37°C. Subsequently, cells were stained with propidium iodide (50 g/mL PI) (Becton Dickinson, San Jose, CA) in PBS, 0.5% Tween-20, and analyzed using a Becton Dickinson flow cytometer BD FACScan (San Jose, CA) and CellQuest acquisition and analysis programs. Gating was set to exclude cell debris, cell doublets, and cell clumps.
PI3KCA mutation analysis
Genomic DNA was extracted from frozen tissue or cell pellets with known tumor cell (Ͼ 75%) content by using standard phenol-chloroform methods. After polymerase chain reaction (PCR) amplification the DNA was separated by 1.5% TAE (tris[hydroxymethyl]-aminomethane-acetateethylenediaminetetraacetic acid)-agarose gel electrophoresis and extracted using a QIAquick gel extraction kit (Qiagen, Valencia, CA). Purified DNA was sequenced with the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA) following the manufacturer's supplied instructions. Sequencing was performed in sense and antisense directions.
The following primers were used: exon 9 initial PCR reaction forward 5Јgtcttagattggttctttcctgtc3Ј and reverse 5Јatggcaaagaacacaaaagg3Ј; exon 20 initial PCR forward 5Јtggggtaaagggaatcaaaag3Ј and reverse 5Јcctatgcaatcg-gtctttgc3Ј (set1) and forward 5Јttgcatacattcgaaagacc3Ј and reverse 5Јggg-gatttttgttttgttttg3Ј (set2). Sequencing primers for exon 9 were forward 5Јgtcttagattggttctttcctgtc3Ј and reverse 5Јttgctttttctgtaaatcatctgtg3Ј, for exon 20 sequencing primers were identical to PCR primers. Data were analyzed with Sequencer 4.0.2 (Applied Biosystems) and BLAST software (National Center for Biotechnology Information, Bethesda, MD).
Results
The PI3K/Akt pathway is preferentially activated in the blastoid variant of MCL and in MCL cell lines
To determine the activation status of the PI3K/Akt pathway in MCL, we initially studied the phosphorylation of Akt in 19 typical MCL and 12 blastoid variants, as well as in 4 MCL cell lines: REC-1, Z138C, NCEB-1, and Granta 519. Western blot analysis revealed high levels of p-Akt in all 12 blastoid variants of MCL and in the 4 cell lines ( Figure 1A ). In contrast, p-Akt was detected in only 5 of 19 typical MCL cases, with high levels in 3 (cases 14, 16, 18) and lower levels in 2 (cases 24 and 27).
Regardless of MCL subtype, the presence of p-Akt was accompanied by the phosphorylation of multiple classic Akt targets, including the cell-cycle and apoptosis regulatory proteins p27 kip1 , FRKHL-1, MDM-2, and Bad. Cases with activated Akt had corresponding levels of the phosphorylated form of each of these target proteins, while cases without detectable p-Akt totally lacked the phosphorylated target ( Figure 1B) . Interestingly, Akt target GSK-3␤ was phosphorylated in both Akt-activated and Akt-inactive cases. This result suggests that other cellular kinases participate in the phosphorylation (inactivation) of GSK-3␤ in MCL.
To assess additional targets of Akt activation and to quantify the levels of the phosphorylated proteins, RPPA was used. 38 This technology allows one to quantitate proteins of interest using nanograms of protein extract rather than the microgram quantities required for Western blot analysis, which enabled us to study several additional targets on our limited clinical material, including mTOR, p70S6K, and S6K. The RPPA data confirmed the results of the Western analysis of the initial targets and also showed strong correlations between p-Akt and the latter 3 targets (P values Ͻ .013 for all targets) ( Table 1) . GSK-3␤ showed a weaker, but still significant, correlation (P ϭ .042). This result is consistent with the notion that while GSK-3␤ can be phosphorylated by cellular kinases other than Akt in MCL, activation of Akt still can influence the total levels of phosphorylated GSK-3␤.
Constitutive activation of Akt in MCL cell lines
Since Akt can be activated as a result of growth factors present in serum, 39, 40 we wished to determine whether phosphorylation of Akt in MCL was serum independent. The 4 MCL cell lines were grown in serum-free medium for 48 hours, harvested, and Western analysis for p-Akt was performed. No significant decrease in p-Akt protein levels was observed under these conditions in any of the 4 MCL cell lines (Figure 2) , confirming the constitutive activation of Akt. In contrast, the presence of p-Akt in the Burkitt lymphoma cell line BJAB was strictly serum dependent. 
Activation of Akt and downstream targets are dependent upon PI3K activity in MCL cell lines
Although the phosphorylation sites of the downstream targets studied are well-established Akt targets, it was possible that these proteins could have been activated through alternative kinases. We therefore studied the effect of 2 PI3K inhibitors, LY294002 and wortmannin, and one Akt inhibitor on the phosphorylation of Akt and downstream targets. Three different inhibitors were used to minimize the possibility of "off-target" effects.
Cells from the 4 MCL cell lines (REC-1, Granta 519, NCEB-1, and Z138C) were incubated with predetermined concentrations of the 3 inhibitors (as described in "Materials and methods"), and Western analysis for p-Akt and downstream targets were analyzed after 8, 24, and 48 hours. All 4 cell lines showed complete inhibition of the phosphorylation of Akt by 8 hours with each of the inhibitors, followed by the loss of phosphorylated Bad, p27 kip1 , FRKHL-1, and MDM-2 within 24 hours and a marked decrease in the levels of phosphorylated mTOR and its pathway targets p70S6K and S6K (Figure 3) . In contrast, treatment of the cells with a MAPK p44/42 inhibitor under identical conditions had no effect on the phosphorylation status of Akt and selected targets (data not shown). These results indicate that activation of the PI3K/Akt pathway is necessary for phosphorylation of Akt and the downstream target proteins.
Inhibition of the PI3K/Akt pathway decreases activation of the NF-B pathway
Constitutive activation of NF-B has been reported in MCL cell lines, and treatment with proteasome inhibitors induces apoptosis, presumably by preventing the degradation of p-IB. 41, 42 NF-B is classically activated upon stimulation with proinflammatory cytokines such as tumor necrosis factor-␣ (TNF-␣), 43 however, PI3K/Akt also has been shown to activate the NF-B pathway under certain circumstances. 44, 45 To assess the presence of cross talk between the PI3K/Akt pathway and the NF-B pathway in MCL, we treated 2 of the cell lines (Granta 519 and Z138C) with the PI3K inhibitors and assessed several parameters of NF-B activation. The use of LY294002, wortmannin, or Akt inhibitor equally decreased the activation status of the NF-B pathway. Western blot analysis using an antibody that recognizes the serine-32 phosphorylated form of IB␣ revealed a significant decrease in IB␣ levels within 24 hours, and a loss of p65 phosphorylation ( Figure 4A,C) . This was accompanied by the accumulation of cytoplasmic p65 and a gradual decrease in nuclear p65, as shown in cytoplasmic and nuclear extracts at 4 time points (Figure 4B,D) .
Inhibition of the PI3K/Akt pathway induces apoptosis and suggests a Bad-mediated mechanism
Akt phosphorylation in response to PI3K activation has been shown to mediate antiapoptotic signaling. Indeed, after incubation with LY294002, wortmannin, or Akt inhibitor, Granta 519 and Z138C MCL cell lines underwent apoptosis. The percentage of apoptotic cells increased significantly over 2 days of treatment, with about 38% apoptotic cells observed after 48 hours of LY294002 treatment, and 28% observed after 48 hours of Aktinhibitor treatment, as detected by flow cytometry (Figure 5A,C) . This finding was accompanied by the appearance of the cleaved caspase-3 after 24 and 48 hours (Figure 5B,D) .
Activated Akt has been shown to phosphorylate and inhibit the proapoptotic protein Bad. Therefore, we wondered if caspase activation might occur through a Bad-mediated pathway. The addition of the PI3K/Akt inhibitors resulted in decreased phosphorylation of Bad, as shown in Figure 5B and 5D. Furthermore, immunoprecipitation of treated cell lysates with anti-bcl-xL antibody showed a temporally related increase in Bad-bcl-xL complexes after 8, 24, and 48 hours (Figure 5B,D) , consistent with inactivation of the antiapoptotic protein bcl-xL. Inhibition of the PI3K/Akt pathway has been shown to induce G 1 arrest in a variety of cancers through up-regulation of the cell-cycle inhibitor p27 kip1 . 26, 46 Treatment of Granta 519 and Z138C with LY294002, wortmannin, or Akt inhibitor resulted in a reduction of cell proliferation/viability by 50% after 48 hours as assessed using the MTT assay ( Figure 6A,C) . Cell-cycle analysis revealed that 90% of the viable cells had accumulated in the G 1 fraction by 24 hours. G 1 arrest was associated with a rapid decrease in phosphorylated p27 kip1 , which targets the protein for degradation, followed by an increase in total p27 kip1 levels ( Figure 6B,D) . Accompanying the increase in total p27 kip1 levels was the abrogation of phosphorylation of the forkhead transcription factor FRKHL-1, which is known to activate transcription of p27 kip1 . 47, 48 In addition to the upregulation of p27 kip1 , we observed a dramatic down-regulation of cyclin D1 after 24 hours of inhibition treatment. Cyclin D1 nuclear export and degradation is regulated by phosphorylation by GSK-3␤, which is inactivated when phosphorylated at serine 9. 49 In proliferating cells GSK-3␤ was highly phosphorylated (inactive), and treatment with inhibitors resulted in dephosphorylation, and presumably activation, of GSK-3␤ as shown in Western analysis with the phosphor-site-specific antibody. Cdk4 and cyclin E protein levels remained stable during the time course.
Loss of PTEN, but not PIK3CA, mutations potentially contribute to the activation of Akt in MCL
To further study the mechanism underlying the activation of Akt in MCL, we analyzed PTEN protein expression levels and screened for somatic mutations within the helical and kinase domains (exons 9 and 20) of the PIK3CA gene. Loss of PTEN expression generally occurs as a result of mutation, deletion, or promoter methylation and has been shown to be a common abnormality in cancer and results in the activation of the PI3K/Akt pathway. 50 Of the 4 MCL cell lines, 3 showed no expression of PTEN, and 6 of the 31 MCL cases showed markedly decreased expression (Figure 7 ). Of the 6 cases with decreased PTEN expression, 4 were blastoid variants with high Akt activation (cases 8, 10, 11, 12), 1 was a typical MCL with low Akt activation (case 24), and 1 case was a typical MCL without detectable Akt activation (case 25). These data raise the possibility that loss of PTEN may account for Akt activation in a subset of the Akt-activated MCL cases.
Activating mutations of PI3K is a recently described mechanism by which pathway activation may occur. 51 We therefore analyzed all 31 MCL cases and the 4 cell lines for somatic mutations of PIK3CA. Sequence analysis was performed to assess the 2 hotspot regions (exon 9 and exon 20), where more than 80% of the reported mutations reside. However, none of the MCL cases or cell lines were found to have activating somatic mutations (data not shown).
Discussion
The PI3K/Akt pathway is a major signaling pathway that plays a critical regulatory role in vital cellular processes controlling cell growth and cell death. It is therefore not surprising that it has been found to be activated in a high percentage of human malignancies, including colorectal, gastric, prostate, thyroid, endometrial, lung, brain, and breast cancer. [51] [52] [53] There have been only a limited number of studies of lymphoid neoplasms, where the pathway has been reported to be activated in Hodgkin lymphoma, some non-Hodgkin lymphomas, and multiple myeloma. [25] [26] [27] 54 In this study, we demonstrate that the PI3K/Akt pathway is constitutively activated in a subset of MCL. This subset includes all of the aggressive blastoid MCL variants and a small subset of typical MCL cases. Akt and multiple downstream targets of the PI3K/Akt pathway were found phosphorylated at high levels in all 12 cases of blastoid MCL and in 4 MCL cell lines, whereas p-Akt was detected in only 5 of 19 typical cases, 3 at levels comparable to that of the blastoid cases, and 2 at lower levels. Because we did not have sufficient follow-up information on these latter 5 cases, it is not clear whether they constitute an aggressive subgroup within the typical MCL group. Our data are consistent with recent gene expression profiling and proteomic studies that have identified several overexpressed genes in the PI3K/Akt pathway in cases of MCL and MCL lymphoma cell lines. 13, 15 We found strong associations between the presence of activated Akt and the phosphorylation of multiple targets of the PI3K/Akt pathway in both the MCL cases and cell lines. The strongest correlations were found with MDM2 (Ser166), Bad (Ser136), FKHRL-1 (Ser253), and p27 kip1 (Thr157). Phosphorylation of MDM2 by Akt promotes its nuclear localization where it antagonizes p53 activity. 55 Phosphorylation of Bad and FKHRL-1 promotes their cytoplasmic retention and results in the inactivation of the proapoptotic activity of Bad 20 and in decreased transcriptional activation of proapoptotic genes activated by FKHRL-1. 47,56 FKHRL-1 not only functions as a proapoptotic transcription factor, but it also plays an important role in inhibiting cell-cycle progression and cell proliferation through transcriptional repression of cyclin D1 57 and transcriptional activation of p27 kip1 . 47, 48 Phosphorylation of p27 kip1 by Akt at Thr 157 leads to its cytoplasmic retention and proteasomal degradation, further reducing the levels of this critical negative regulator of G 1 /S progression. 21, 58 Strong correlations between p-Akt and the presence of phosphorylated mTOR (Ser2448) and targets p70S6K (Thr389) and S6K (Ser235/236) also were identified, although these were somewhat weaker than the previously mentioned targets. While the PI3K/Akt pathway is a major activator of mTOR through its ability to BLOOD, 1 SEPTEMBER 2006 ⅐ VOLUME 108, NUMBER 5 For personal use only. on January 28, 2018. by guest www.bloodjournal.org From inactivate the inhibitory tuberin-hamartin complex, 59 mTOR and its targets also can be activated by Akt-independent nutrient sensing pathways as well. 60, 61 Interestingly, GSK-3␤, a wellstudied Akt target involved in the control of cyclin D1 levels, was expressed in both Akt-activated and Akt-inactive MCL and showed only a weak correlation with the presence of p-Akt in the RPPA assay, suggesting that other cellular kinases also are capable of phosphorylating GSK-3␤ in MCL. Nonetheless, the overall phosphorylation patterns in the MCL cases suggest that activated Akt affects multiple targets.
Inhibition studies in the cell lines provided additional insights into the activity of this pathway in MCL and further showed that the effects of blocking the pathway in the cell lines are catastrophic, resulting in a block in proliferation, G 1 /S cell-cycle arrest, and apoptosis. Not only did inhibition of the pathway result in abrogation of the phosphorylation of FKHRL-1 Bad, p27 kip1 , and MDM2, it also resulted in the complete reduction of cyclin D1 levels within 24 hours of treatment, with no effect on cyclin E or CDK4 levels. This was of particular interest to us because the primary oncogenic event in MCL is the deregulated transcription of cyclin D1 message caused by the t(11;14) translocation. To our knowledge, modulation of cyclin D1 levels as a result of pharmacologic manipulation of the PI3K/Akt pathway has not been reported previously in MCL and suggests a potential point of intervention in this disease.
The dramatic loss of cyclin D1 following Akt inhibition potentially could occur through the reactivation of the GSK-3␤ kinase, which targets cyclin D1 for degradation, 62 and/or the inactivation of mTOR and its direct targets, which regulate the translation of cyclin D1 message. Inhibition of mTOR with rapamycin has been shown previously to result in a decrease of cyclin D1 protein levels in several solid cancer models, 63, 64 and it is possible that the inactivation of mTOR may play a major role in decreasing cyclin D1 in MCL as well. However, a recent study of 2 MCL cell lines failed to demonstrate any reduction in cyclin D1 levels, although rapamycin treatment was effective in inducing cell-cycle arrest and apoptosis. 65 Thus, at this point it is unclear what the relative contributions of GSK-3␤ and mTOR are in reducing the cyclin D1 levels following their inhibition through the PI3K/Akt pathway.
As discussed, in the MCL cell lines, GSK-3␤ phosphorylation was completely abrogated by inhibition of the PI3K/Akt pathway. This is consistent with a large body of data indicating that Akt and/or other downstream kinases play a major role in regulating the activity of GSK-3␤. 66 However, unlike most of the Akt targets studied that showed no evidence of phosphorylation in the absence of activated Akt, phosphorylated GSK-3␤ was present in all primary MCL studied, although cases with activated Akt, as a group, had higher levels. These data suggest that in vivo, there are alternative mechanisms responsible for the phosphorylation of GSK-3␤ that are not activated in the cell culture environment. Therefore, it will be important to assess the response of GSK-3␤ and cyclin D1 in MCL cases to PI3K/Akt inhibitors in vivo.
MCL cells underwent apoptosis following treatment with the PI3K/Akt inhibitors. The increase in apoptotic fraction seen by flow cytometry over time was accompanied by the loss of Bad phosphorylation, the association of nonphosphorylated Bad with bcl-xL, and the activation of pro-caspase 3. The initiation of apoptosis following inhibition of the PI3K pathway has been linked previously to inactivation of antiapoptotic proteins such as bcl-xL, through complex formation with dephosphorylated Bad, 67, 68 and our data are consistent with this mechanism.
Studies of the MCL cell lines also showed that Akt can activate the NF-B pathway. Following treatment with inhibitors, we observed an inactivation of the NF-B pathway as assessed by loss of phosphorylation of IB␣ and the subsequent gradual loss of nuclear p65 accompanied by the accumulation of cytoplasmic p65. These data indicate that the PI3K/Akt pathway is capable of modulating the NF-B pathway under the cellculture conditions of this study. In vivo, the environment is much more complex, and it is likely that Akt is but one of several modulators of the NF-B pathway. Cross talk between the PI3K and NF-B pathway has been reported previously in a number of well-studied systems. 44, 69 A variety of oncogenic events have been linked to activation of the PI3K/Akt pathway. 70 These include: (1) activation of membrane growth receptors through mutation or gene amplification, (2) overexpression of the growth factors themselves, (3) amplification of the Akt gene, (4) activation of intracellular mediators through mutation or gene amplification, and (5) loss of negative regulators of Akt activity, such as PTEN. While we have not yet undertaken a comprehensive investigation of all of these, we have initiated studies into several possible mechanisms. We found that Akt remained activated in the MCL cell lines in the absence of serum, suggesting that the activity of the pathway is not due to exogenous growth factor stimulation of receptors. We also examined 2 of the more common mechanisms of Akt activation, PTEN loss and PI3K mutation, and found a possible role for PTEN. Loss of PTEN expression has been reported in a variety of cancers, including lung, breast, prostate, colon, endometrial, and glioblastoma, [71] [72] [73] [74] and has been shown to occur through mutation, deletion, and epigenetic mechanisms. There are relatively few studies exploring PTEN abnormalities in lymphomas. [75] [76] [77] [78] Several cases of MCL included in one of these studies were reported to lack genetic alterations; however, PTEN expression was not evaluated. 78 In the current study, we found loss of PTEN expression in 5 of the 17 cases with activated Akt, while only 1 of 14 cases without p-Akt expression showed loss of expression. This finding suggests that PTEN inactivation may be more common than initially thought in MCL and may contribute to constitutive activation of the PI3K/Akt pathway in a percentage of these lymphomas. Further investigation of this gene, particularly in blastoid MCL cases and other lymphomas with activated Akt, is warranted.
Mutations of PIK3CA have been reported recently in a variety of cancers. 51, [79] [80] [81] [82] These mutations result in the constitutive activation of PI3K and the consequent phosphorylation and activation of Akt. 83 In our cases with activated Akt, we were not able to identify activating mutations within either of the 2 hotspot regions (exon 9 and exon 20) of the gene. It should be noted that enhanced PI3K activity also has been attributed to gene amplification, 84 and we have not ruled out this possibility. There are clearly many other potential causes for Akt activation in the MCL cases, including gene amplification of Akt itself, activation/mutation of rat sarcoma virus (RAS) oncogene or other signaling transducers, and activation/ mutation of a wide range of cellular receptors, and these will need to be more fully investigated.
In summary, we have found constitutive activation of the PI3K/Akt signaling pathway in a subset of MCL that includes all of the aggressive blastoid variants. This signaling results in the activation of a number of well-known target genes and pathways, including the NF-B pathway, a second major signaling pathway postulated to be activated independently in MCL. These constitutively activated signaling cascades lead to enhanced survival and cell proliferation, and inhibition of apoptosis. Our data demonstrate the central role of this pathway in MCL survival and suggest that specific PI3K or Akt kinase inhibitors may prove useful in the treatment of Akt-activated MCL.
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